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PATTERN SIZE IN GAUSSIAN FIELDS FROM SPINODAL
DECOMPOSITION*

LUIGI AMEDEO BIANCHI', DIRK BLOMKER?!, AND PHILIPP WACKERS?

Abstract. We study the two-dimensional snake-like pattern that arises at the onset of phase
separation of alloys described by spinodal decomposition in the Cahn-Hilliard model. These are
somewhat universal patterns due to an overlay of the most unstable pattern, which are eigenfunctions
of the Laplacian all with a similar wave-number. Similar structures appear in other models like
reaction-diffusion systems describing animal coats’ patterns, hill formation in surface growth, or
vegetation patterns in desertification. In order to study the early stages of spinodal decomposition
we focus on the linearized equation. Our main result studies random functions given by cosine Fourier
series with independent Gaussian coefficients, which dominate the dynamics in the Cahn—Hilliard
model. This is not a cosine process, as the sum is taken over domains in Fourier space that not
only grow and scale with a parameter of order 1/e for a small 0 < € < 1, but also move to infinity
for e — 0. Moreover, the model under consideration is as a random field at a fixed time neither
stationary nor isotropic. To study the pattern size of nodal domains we consider the density of
zeros on any straight line through the spatial domain. Using a theorem by Edelman and Kostlan
and weighted ergodic theorems that ensure the convergence of the moving sums, we show that the
average distance of zeros is asymptotically of order £ with a precisely given constant.
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1. Introduction. We are interested in studying the patterns that form in the
solution of the stochastic Cahn-Hilliard equation during the separation process called
spinodal decomposition. This equation was originally introduced in its deterministic
version in [10] and [11] and later in its stochastic version by [12]. It models the relative
concentration of two components in an alloy after quenching an initially homogeneous
mixture and exhibits a spontaneous phase separation. Here we are focusing on the
onset of this separation process. The dynamics of this separation was already studied
for the deterministic case with possibly random initial conditions in [28, 29, 35] and
for the stochastic case in [6, 7, 8]. In all these publications it was shown that the
onset of spinodal decomposition for a surprisingly long time is well described by the
linearized model. Nevertheless all these publications could only address the pattern
size appearing in the phase separation as an overlay of functions with a similar wave-
number.
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Similar structures and patterns appear in many other situations, for both stochas-
tic and deterministic models. One example are the patterns in coats of animals like
zebras or tigers [31], where the underlying system is a reaction-diffusion system with
a Turing instability, as argued by Sander and Wanner in [36]. Another occurrence is
the vegetation patterns in desertification like the one observed for the tiger bush in
Africa, as studied, for example, by Siero and others in [37, 38]. In those papers they
provide a mathematical study of the emergence of pattern on an unbounded domain
in the extended Klausmeier model, which is similar to a reaction-diffusion system.

More similar to the Cahn—Hilliard setting is the stochastic Swift—Hohenberg equa-
tion (see, for example, the review [14]). A result very much related to spinodal decom-
position is given by Blomker and Maier-Paape in [5]. The main difference is that the
instability is very weak and significantly fewer Fourier modes determine the pattern.

Another example is a stochastic partial differential equation arising in the theory
of surface growth [32, 25], which is also used in ion sputtering [30]. Here hills form
on an initially flat surface and in the early stages the model exhibits patterns similar
to spinodal decomposition. For details see the review article [9)].

In all these examples, as studied in the Cahn—Hilliard equation both stochastic
and deterministic, the characteristic snake-like pattern that appears initially is mainly
due to composition of the most unstable pattern that dominates the linearized dy-
namics. These are eigenfunctions of the Laplacian all with a similar wavelength. In
the early stages of the pattern formation process the nonlinearity does not yet play a
significant role, and the solution is described well by a high dimensional space of the
most unstable pattern.

In order to outline this idea, we focus in the following sections on the stochas-
tic Cahn—Hilliard equation on the square. Moreover, for simplicity we focus on the
stochastic model, where the most unstable patterns are randomly weighted. In the
case of patterns at a fixed time, which we study here, similar results are true if we
take the deterministic model with Gaussian random initial conditions.

The main question that we want to answer rigorously in this paper is the following:
At a fized time early in the separation process, what is the characteristic thickness of
the pattern (i.e., the snake-like structures)?

To address this, we consider the pattern at a fixed time and draw an arbitrary
straight line across the domain. We then count the number of zeros of the pattern
along this line to determine the pattern size. Using a result given by Edelman and
Kostlan in [19] we can also obtain rigorous results for the expected number of zeros
along one line, which we can then evaluate explicitly in the asymptotic limit of small
interaction length.

In the context of spinodal decomposition, for the deterministic model a partial
result for the pattern size was obtained by Maier-Paape and Wanner in [28], where
they tried to estimate the size of balls that would fit into the nodal domain of a pat-
tern. A numerical computation of Betti numbers of nodal domains to get topological
informatuon about the pattern was performed in a series of papers [20, 16, 17].

Moreover the spatial structure of nodal domains for Gaussian random fields is the
topic of numerous recent publications, which we do not try to survey in full detail.
Under the assumption of spatial stationarity and isotropy, which we do not have in
our model, there are asymptotic results on the numer of zeros along lines. See, for
example, [18, 27]. Minkowski functionals are also treated; see [2] for a review, or
[39] for references to asymptotic results of the number of connected components. We
comment on these approaches later on in more detail.
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1.1. The Cahn—Hilliard—Cook equation. The stochastic Cahn—Hilliard (or
Cahn-Hilliard-Cook) equation was introduced by Cook in [12] as a stochastic modi-
fication of the originally deterministic model. It can be written as follows:

O = —A(e? Au + F(u)) + 0, W,

where the noise 9;W is the derivative of a QQ-Wiener process and F is the derivative
of a double well potential, where a standard choice is F(u) = u — u?®, although the
true nonlinearity introduced by Cahn and Hilliard should exhibit logarithmic poles.
We consider it on the square domain [0, 1]?, with Neumann boundary conditions
Oyu = J,Au. In the physical model of alloys, u© models the rescaled concentration
of one component, and the extreme values u = +1 correspond to 0% and 100%
concentration of the first component in any point.

The canonical initial condition for the phase separation in spinodal decomposition
is a homogeneous concentration

u(0,-) &~ m,
which is constant on the whole domain.

Due to the presence of the noise in the equation, which is studied here, or to
the presence of random fluctuations in the initial conditions, almost immediately the
homogeneous picture is broken and decomposition starts playing its role. The snake-
like pattern appears and persists, giving place to situations like the one simulated
in Figure 1. Our aim now is to describe the pattern at a fixed time in the early onset
of separation.

F1G. 1. Pattern in spinodal decomposition. The snake-like pattern appears as the nodal domains
in the level set of the average concentration, which is here m = 0.

For the Cahn—Hilliard equation, one can consider the set of the most unstable
eigenvalues, which dominate the dynamics for a long time, also called the “strongly
unstable subspace.” This was studied in the deterministic model by Maier-Paape and
Wanner in [28, 29] and later in the stochastic setting by Blomker, Maier-Paape, and
Wanner in [8, 6] (see also the review [7]). All results relied on the approximation of
the nonlinear dynamics via linearization in the early stages of the separation process.
Later Sander and Wanner extended in [35] this approximation result by linearization
to unexpectedly large radii, at least for the deterministic model.

In [20] Betti-numbers of nodal domains were numerically computed, and after the
initial formation of the pattern the deterministic model with random initial conditions
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exhibits a short, quite unnatural increase of pattern complexity, which is not present
in the stochastic model. This is a quite interesting observation that the evolution of
pattern complexity is different in the deterministic model with random initial condi-
tions or the stochastic model with constant initial condition, but we will focus on the
onset of pattern formation before this stage.

1.2. Linearized Cahn—Hilliard—Cook equation. While the Cahn—Hilliard
equation is highly nonlinear, its dynamics at the onset of pattern formation is rea-
sonably well approximated by the linearized equation, which even holds true for quite
long times up to unexpectedly large solutions, as shown in [35, 40]. So let us discuss
the linearized system (around the spatially constant initial conditions (0, -) = m) for
the deviation v = u —m. This will motivate why we study random cosine series later.

Such linearized system can be written as

(1) at'U = Av + atW N 'U(O) = 0,

where A = —e2A? — AF'(m) is a self-adjoint linear operator having a complete
orthonormal system of eigenfunctions.

In our study we focus on the simple domain [0,1]? to avoid additional pattern
complexity introduced by a complicated shape of the boundary. The L?-basis on the
square is made of cosine functions

eri(x) = C cos(kmrx) cos(lmy),
with Aek,l = /\kJekJ, where
Moy = —e2(k* + 1)1t + (K + P)n* F' (m).

The solution to (1) is given by the stochastic convolution (see [15]), which sim-
plifies here to a cosine series with random coefficients,

t t
Wal(t) = Z / =94 qW (s) = Z ak’l/ et dBy (s)ep.,
0

k,leN”0 k,leN

where the By are independent Brownian motions and the Q-Wiener process W has a
joint eigenbasis with A such that Qey; = ai’lek,l. This is an usual but quite strong
assumption that ¢ commutes with A. As this is only our motivating example, for
simplicity of presentation we do not enter this discussion here. Some details and
further references can be found in [7]. One also could think of space-time white noise,
where () is the identity and thus all oy ; are one.

In the case where m is in the spinodal region defined by F’'(m) > 0 a simple
calculation shows that the upper bound of the eigenvalues Ay ; is given by

[y 2
/\max = 18 (‘7: (m)) .

The results on the early stages of spinodal decomposition (see, for example, [6])
show that the eigenfunctions of the most unstable eigenvalues form a strongly unstable
subspace also called “strong subspace”, for short, that dominates the dynamics of the
Cahn—Hilliard equation.

To be more precise this space is defined for any fixed v € (0, 1) close to 1 by taking
all eigenfunctions ey ; with eigenvalues satisfying Ay ; > yAmax. Thus in Fourier space
by the wave-vectors

RY := {(k,1) € N : A\gs > YAmax }-
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In particular, in the two-dimensional setting we consider, the set R? is a quarter-ring in
the N2 lattice, which is easily seen by discussing the inequality —e22%7* + 272 F'(m) >
YAmax. This is nonempty only if € is not too large, and moreover it contains O(s~?)
many wave-vectors for ¢ — 0. In the following we do not always specify the explicit
dependence of R on v and write R, for short. Note that this set not only is growing
in size for ¢ — 0 but also moves as a whole toward infinity.

As already outlined, as long as the solution is not too large, the dynamics of the
nonlinear Cahn-Hilliard equation is dominated by the projection Pg_ of the stochastic
convolution on the strong subspace. By this we mean the restriction of the Fourier
series to wave-vectors in R., which is given by

t
PREWA(t) = Z Qk,1Ck, 1€, with ¢ = / e(t=9) Akt dBkJ(S) .
(k,1)ER. 0

The random variables in the family {cg;} (k.))eR. A€ by definition independent cen-
tered Gaussians. By Ito-isometry the variance of ¢y is

1 _
2061

(1 _ 672)"“'”&) ~

t
EciJ = / =922k 4g = 0(e?)
0

2k

for times t =~ €2, which is close to the time-scale on which the first phase of spinodal
decomposition was described (see [6]). We also used that in the strongly unstable
subspace Ak € (1 — 7, 1A\ pax and thus Ay is of the order 2.

Hence after linearization and projection via Pg_, the solution at a fixed time ¢

seems to be well approximated by

(2) u(t,z,y) ~m+o(t,x,y) ~ m+ Z ¢, - cos(kmx) cos(lmy),
(k,l)eRe

where the ¢;; are independent centered Gaussians with similar variances. This mo-
tivates the choice of our toy model for studying the pattern at a fixed time ¢ early
in the onset of spinodal decomposition. We will present the model in more detail in
the next subsection. There we make an additional simplification by fixing for ease
of presentation all the variances of the coefficients to be the same, although they are
only of the same order in ¢.

1.3. Random Fourier series. For the main part of the paper we consider the
random function

(3) flz,y) = Z k1 - cos(kma) cos(Imy)

(k,l)ER.

on the unit square z,y € [0,1]?, with the random coefficients c;; being independent
and identically distributed centered Gaussian random variables. Later we discuss also
the impact of different domains R, in Fourier space, and not only the ring discussed
below.

As we discussed in the previous subsection, this is a simplified model for the
stochastic Cahn—Hilliard equation at a fixed time early in the onset of pattern forma-
tion. First it simplifies by using the approximation (2) of the stochastic Cahn—Hilliard
equation, and second by assuming that all coefficients are identically distributed, al-
though they are only of the same order in e. We furthermore set the variance of the
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random coefficients to be 1, i.e., cx; ~ N(0,1). The actual size of the function is not
important when we study the nodal domain.

As our main example we consider the Cahn—Hilliard equation and fix the average
mass to be m = 0. If we consider different m we would only change the shape of
R. and the value of various constants. In the case m = 0 the subset R. of strongly
unstable modes is given by

R. = {(k,]) e N?| ag < /(ke)2 + (Ie)? < ag},

where from A, ; > YAmax With m = 0 we obtain the parameters

1+ 41— 1—+/1-—
=1/ E it and ag = VT ith ~v € (0,1).
272 2m?

Note that with z = k2 + 2 for m = 0 we have Akl = —e2227* 4+ zn? and thus
Amax = 1/4¢2.

Although the model (3) is somewhat reminiscent of the cosine process (see,
e.g., [1]) or the random wave model (see, e.g., [18]), where questions related to the
structure of nodal domains were discussed, it is fundamentally different in the sense
that it is neither spatially stationary nor isotropic, which would imply that the law of
f is invariant under translation or rotation. But due to the Neumann boundary con-
ditions on a square, the law of the random function f (as a function extended to R?)
changes under rotation around angles not being a multiple of 90 degrees. Moreover,
as the normal derivative is always zero at the boundary of the square, the law of f is
also not invariant under arbitrary translations.

Let us finally remark that it is an easy calculation to show that f(z) is a centered
Gaussian with covariance

Ef(z)f(y) =qlx+y) +q(x—y) for q(z)= % Z cos(kmz) cos(Imz)

(k,1)ER.

which is also not invariant under arbitrary translation and rotation of the (x, y)-plane.

1.4. Pattern size. A simulation of (3) with m = 0 and v = 0.8 is presented
in Figure 2. We can see the snake-like patterns which are characteristic of the Cahn—
Hilliard model. It appears from the numerical simulations that the thickness of the

! \J

o.sb O

5552/ O BOC

0
Fi1a. 2. A simulation of the function f for v = 0.8 with a plot of its zero-level set. On the latter
we picked some measurements of the pattern thickness. Empirically, the average distance is 27we.

There is of course some wvariation and there are areas and directions where the thickness is much
higher or lower.
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F1a. 3. Pattern size computation of the function f by inserting arbitrary lines through the
spatial domain [0,1]2, where we represent the zero level sets for our model in the Fourier domain
Rg:gl. The zeros are order € apart, on average.

structures is somewhat proportional to e, as shown in Figure 2. Here we propose
to measure such thickness as the distance between consecutive zeros of the solution
considered on an arbitrary line through the domain, as exhibited in Figure 3.

This definition of pattern size intuitively seems to be the right one. On the other
hand the following fact is frequently stated in the literature: as by definition the
dominating Fourier space R, consists of wave-vectors (k,l) € R, that are all of the
order e~! in norm for small €, the overall pattern size is of the order «.

Although this line of reasoning sounds very plausible, and it is easily proved
for a one-dimensional problem, in two dimensions the wave-vector consists of two
frequencies that can vary vastly, and it is not clear why the average number of zeros
along a line should scale with e.

Moreover we will also see later in the main results that, when counting zeros on
arbitrary straight lines, only the scaling of the upper bound for the wave-number seems
to be essential. Let us remark that for spatially stationary and isotropic Gaussian
fields there are quite a few publications on the average density of zeros along lines.
They date back to the work of Rice [33] or Longuet-Higgins [27], [26]. See also Dennis
[18]. Their approach yields qualitatively analogous results of a pattern size of order
¢ for models given by cosine series similar to (3), but none of those methods seem
to apply straightforwardly to (3), in that they usually assume spatial isotropy and
spatial stationarity.
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A rigorous quantification of the geometry and topology of Cahn-Hilliard—Cook
patterns is still an open problem, though. The first attempt in the setting of spinodal
decomposition by Maier-Paape and Wanner in [28] yielded a partial result by bound-
ing the radii of balls that would fit into the nodal domain. That strategy worked
completely only in the setting of [5], where the ring R. was still growing, but its size
was smaller by a small power in €.

As already mentioned in the previous subsection, recent numerical work on the
number of components in the pattern has been done, using rigorous methods from
computational algebraic topology to compute the Betti numbers, by Gameiro,
Mischaikow, and Wanner in [20] or similarly by Day, et al. in [16, 17]. See also
Guo and Hwang [23] and Sander and Tatum [34] for additional results on the pattern
in Cahn-Hilliard equation. Let us recall that Betti numbers for the two-dimensional
nodal domain count the number of connected components and the number of holes.

For general stationary or isotropic Gaussian fields there is also some work on
Minkowski functionals measuring the area and the number of connected components
of the nodal domain as well as the length of the set of level 0. See [2] for a collection
of results. But even the precise constant in the asymptotic behavior of the number
of connected components seems to be still an open problem. See [39] for further
references. None of these results seems to fit to (3) anyway, not just because of the
assumptions on isotropy and stationarity, but also because we are summing over index
sets that not only are growing but also moving, and thus the asymptotic limit is not
clear.

2. Main result and structure of the paper. The question we aim to rigor-
ously answer is as follows.

QUESTION 2.1. What is the characteristic thickness of the pattern (i.e., snake-like
structures) in our model f(z,y) defined in (3), on the unit square (x,y) € [0,1]??

In Figure 2 we can see that the average thickness appears to be 27we, which we
will prove to be the case.

To address Question 2.1, we take the following approach: we draw a straight
line across the unit square and we count the (average) number of zeros of f on that
segment; see Figure 3. Let us remark that if a nodal line coincides for some interval
with the straight line, then we count this as infinity. We will see later in the main
result that this is an event with probability zero, as the expected number of zeros will
always be finite.

We divide the length of the segment by the number of zeros, obtaining the average
distance between zeros, that is, the average pattern size. So the problem reduces to
counting the number of zeros of f, a random function, and a way of doing this is
provided (in a more general form than reported here) by Edelman and Kostlan in [19].

THEOREM 2.2 (number of real zeros of a random function). Let
’U(J}) = (fo(ﬂf), ey fn(x))T

be any collection of differentiable functions and cqg,...,c, be independent and identi-
cally distributed Gaussians centered in 0. Given the function

h(z) = ch - fr(x),
k=0



1300 L. A. BIANCHI, D. BLOMKER, AND P. WACKER

the expected number of real zeros of h on I is

/16(90) dz |

_ (=)
. and w(x) = o]

where

5(z) =+ d%w@c)

™

Rn

Due to the fact that the average number is given by an integral over §, we call §
the density of zeros of h.

The proof of this theorem is given in [19]. The key idea of the much longer proof
is that = is a zero of f if the vectors (cx)r and (fx(x))r are orthogonal. Thus after
normalization all admissible (cg)i form an equator on the unit sphere, and one can
translate the problem of counting zeros to determining the area covered by these
equators (counted with multiplicities). Then one uses that the area is proportional to
the derivative of the curve z — (fx(x))r. Finally note that the argument for turning
Gaussian probabilities into the calculation of area is the fact that a standard Gaussian
vector after normalization induces a uniform distribution on the sphere.

Theorem 2.2 holds for functions h on the real line, so we need to translate our
two-dimensional problem f to an equivalent one formulated on a line. In the following
for simplicity first we consider f constrained on an arbitrary horizontal line at height
7, which is

L. ={(z,7):2€[0,1]} for 7€][0,1].

We obtain a function of one variable and can apply Theorem 2.2. The generalization

to arbitrary (nonhorizontal) lines as the ones depicted in Figure 3 is a straightforward

generalization and is discussed in section 6 but the underlying idea does not change.
We need to introduce, in the spirit of Theorem 2.2, the following notation:

cos(kmz) cos(InT)

wy(z) =
cos?(mma) cos?(nmT
\/z:(m,n)ERE ( ) ( ) (k.1)ER.

Note that although we parametrize w, (x) over the two-dimensional set R., we consider
it as a vector in R=, where N, is the size of R.. Moreover, we define

2
[/ 4 S5 (S’
= H < dwa(x))(k,z)em S <51> ’

S; = Z cos?(mma) cos? (nmr),

where we have

m,n€R.

Sy = Z mm cos(mmx) sin(mnx) cos®(nrr),
m,n€ERe

S3 = Z m?n? sin? (mnx) cos? (nwr).
m,n€ER.

The main result for horizontal lines in the case of a ring R, in Fourier space is the
following one, which is stated in terms of W, (z) = 72§(z)? and gives the asymptotic
behavior for small € of the densities of zeros.
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2%

e

FIG. 4. Patterns generated in the Fourier domains R3S, (left) and RS, (right).

THEOREM 2.3. For any vy € (0,1) and any horizontal line L, for x,7 € (0,1) the
function W, (z) defined on L, behaves asymptotically as (2¢)~2 for e — 0.
This means in particular that the density of zeros is §(x) = (2me) L.

Thus the mean pattern size (i.e., the average distance between zeros on any hor-
izontal line of length 1) is given by 2me.

Remark 2.4. It is a remarkable fact that the result of Theorem 2.3 is independent
of 7, because the number of Fourier modes involved is much smaller for v &~ 1 than
for v =~ 0. As we can see in Figure 4, while the average asymptotic pattern size along
lines remains the same, the domain with higher v looks more organized. The pattern
seems to be “more regular” in some sense that our method cannot detect.

We will prove Theorem 2.3 later in section 3, where Lemma 3.7 shows

. 2 . 2 SS 1
1 — =0 1 - =-.
61—>H6 € Sl ’ 61—I>r(l) € Sl
The main idea behind the proof is that the sums S;, ¢ = 1,2, 3, can be calculated in
the limit via ergodic-type theorems.

Remark 2.5. We always fix z,7 € (0,1) for the horizontal lines, as the functions
behave a little differently on the borders. If we have 7 = 0, 1, we lose all the terms in 7,
which become identically 1, but we obtain anyway the same result. The cases x = 0, 1
are not interesting, as the sin-function is always zero and thus W,(0) = W.(1) = 0.
But since we are looking for a density in terms of z, considering it in a single point
does not provide any useful information.

After the proof of Theorem 2.3 for the ring in Fourier space and the horizontal line
we present several extensions of the result. In section 4 we state the generalization of
the main result to general domains in Fourier space different from the quarter-ring and
give a few explicit examples that the main result is still true, although the patterns
appearing might look quite different.

As our result is a purely asymptotic one, we give a few examples in section 4,
where the number of zeros agrees very well with the asymptotic prediction even for
moderate . In section 5, we calculate numerically the functions §(x) or W (z) for
different values of . There (cf. also Figure 8) we see already for moderate ¢ a fast
and uniform convergence apart from any small layer at the boundary.

Finally in section 6 we briefly discuss the case of sloped lines, which is a straight-
forward generalization, up to some additional technicalities. In the appendix we show
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that we can establish convergence in the rational case not treated in the proof, where
we cannot use Birkhoff’s ergodic theorem.

Let us comment on further generalizations that are within the scope of this ap-
proach. First we can easily incorporate the case where the Gaussians are not all
identically distributed. For instance, when the noise is diagonal w.r.t. the cosine
modes, we just obtain additional weights in the main result, coming from the eigen-
values of the covariance operator of the noise.

For different domains in Fourier space we always get the same order of zeros
on any line through the domain, but as we will see in Figure 7 the pattern might
look quite different. Further characterizations using Betti numbers as in [20], the
Minkowski functionals as in [2], or bounds on the radii of balls in the nodal domains
as in [28] might help us to understand why the pattern in spinodal decomposition is
so special, as it appears to be quite regular, but not too symmetric.

Moreover, we believe that the result on the square [0,1]? is not that special,
and with the same method we should be able to treat three- or higher dimensional
problems. We have to stress that there are technical problems extending the result to
general domains, especially when the boundary has a complicated geometry. In the
proof for arbitrary domains we only need to replace the cosines by the corresponding
eigenfunctions. We should then use the ergodic theorem to recover the convergence
of the sums, but there is no guarantee that we can still do that, the main technical
problem being that we cannot easily isolate the wave-number as an argument of the
function. Moreover, even if we could, the reduction of the two-dimensional Birkhoff’s
ergodic theorem to the one-dimensional case is not always possible: we would need
to prove a true two-dimensional ergodic theorem, but such results are available in the
literature.

3. Proof of the main result. The main result is on one hand based on an
application of the theorem by Edelman and Kostlan. On the other hand, for the
asymptotic behavior we need the convergence of series over growing domains and
the value of the limit. This is established by a two-dimensional weighted Birkhoff’s
ergodic theorem. There is a vast literature on ergodic theorems, and the theory is
well developed, so we do not attempt to give an overview. We just refer to [21, 22]
for ergodic theorems on abstract groups or subgroups of lattices.

In the following we first state the one-dimensional ergodic theorem, then give
a direct proof for a weighted ergodic theorem on arbitrary domains based on the
analogous result on squares (see, for example, [24]). We also give an elementary proof
that the usual ergodic theorem implies (under some conditions on the weights) a
weighted version. Let us remark that the results we need are not in the usual setting
of weighted ergodic theorems, as, for example, in the theory of “good weights” (see,
for example, [3, 4]), because we allow the weights to grow and furthermore we change
the normalizing constant in front of the sum.

3.1. Ergodic theorem. Given a o-algebra, a transformation T is said to be
uniquely ergodic if it has a unique ergodic measure. The map z — z + a on the unit
circle is uniquely ergodic if and only if « is irrational. In this case the unique ergodic
measure is the Lebesgue measure.

THEOREM 3.1 (Birkhoff’s ergodic theorem; see [13]). Let (X, u) be a probability
space. If T is p-invariant and ergodic and g is integrable, then for a.e. z € X
N

(4) lim — 3 g (T*(2)) = /X 9(0) du(C).

N—>ooNk
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Moreover if T is continuous and uniquely ergodic with measure y and if g is continu-
ous, then (4) holds for all z € X (instead of a.e.).

Remark 3.2. Having the result to hold for all initial conditions is of paramount
importance, as we require it to hold for some specific initial values. We will then look
for uniquely ergodic transformations.

3.2. The weighted averaging condition. First we draft a necessary require-
ment for averaged weighted sums fulfilling an ergodic-type property on a rectangle-
shaped summation domain. Then we show that this can be used to obtain summation
on more general domains. In our case this is a quarter-ring-shaped subset in N2.

After that we show that the sums we need to calculate all fulfill this requirement.

WEIGHTED AVERAGING CONDITION. Let ([0,1]%,\) be the probability space with
the Lebesque measure X\. We say that (f, (am)) with f :[0,1]2 — R continuous and
extended by periodicity to R and a,, € R fulfills the weighted averaging condition if
for every 2° € [0,1]%, every a € N¢, and

d
QL = ®[17 . '7aiL] mNda
i=1
the following assumption holds:
1 )
S Z A - flmaxl moa, ... maxl) Lo, f(z)dz .
2imeqr Ym 5, 0,114

For any open set M C Ri we define
My = (L-M)NN,

the projection on the positive integers of its scaled version. We define

|ML‘a == Z Am

meMp,
and denote by |My| the cardinality of My,.

GENERATION OF MEASURES. We require that the weights a = (a,,) generate a
measure \g on R‘i which is equivalent to the Lebesque measure A, i.e., there exists an
a > 0 such that for each set with open interior M C Ri,

LMo 2222 A, (M).

Let us remark that in general, we could get the result for a weaker assumption
on the measure A\, than being equivalent to the Lebesgue measure. But as in all our
examples this is the case, we assume this for simplicity of presentation.

The trivial example for the generation of measures is the constant weights az; =1
that generate the Lebesgue measure with o = d.

Ezample 3.3. An example that is used frequently later is ay; = k? for dimension
d = 2. Then by Riemann sum approximation
LYMla=L"" Y k2= Y LS / €2d(¢,n) .
(k,))EL-M (kl)eMNLN2 M

Thus the measure A(;2 1) generated by the weight has a Lebesgue-density (£,7) £
As the density is up to the Lebesgue null set £ = 0 everywhere strictly positive, the
measures A2 1) and \ are equivalent.
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e el Qi

Fic. 5. Construction of Ry, from rectangles with one vertex in the origin: Ry = Q% \ (QlL U Q%)

LEMMA 3.4. Let (f, (am)) fulfill the weighted averaging condition with the weights
a generating a measure. Then for any open measurable set S C Ri

1
|SL‘a

L—
Z am, -f(mlac(l),mga:g,...,mdxg) EainiaN f(z)dx .
meSL [0,1]4

Proof. We prove this in two steps. We call S, the summation domain. First we
show that the weighted averaging condition also holds for summation domains which
are rectangles not aligned at the origin (i.e., we shift the Qr, out of the origin). Second,
we cover S by a disjoint union of such rectangles and conclude the proof. Consider
the scaled rectangle Ry, = @, {3;L,...,vL} C N4 Then Rj can be constructed
by making unions and subtractions of origin-aligned rectangles of the form @ as
depicted in Figure 5. Thus

1

L
Rl Z am - flmazd, mexl, ... mgxh) === f(z)dx
a

meRy, [0,1)¢
follows immediately.
For every approximation threshold § > 0 there are finite sets of squares {P;}; and
{0;}; fulfilling
M;=|JP.cSc|]Oi=Ns.

with A(Ns \ S) < AM(Ns \ Ms) < 8. Write (Ms, = Ms - L)NN?, P ;= (P;-L)N
N9 and N5 = (Ns- L) N N? analogously to S and S;. We write f(m ® 2°) =
F(mi2?, maxy, ..., maxY) for brevity. Then we can derive the error estimate

Z amf(mQxO)

_ 1 0y 1
Err = Mol Z amf(mQ:l:) Sl

meENs, L mesy,
1
= W |SL|a Z am f (TR@xO) — |N6,L|a Z am f (m@xo)
okl Fla mENs, L. meSy
1
= Nl 15, |(Noala = 152le) 3 anf (m© ')
Lla a

meSr,

+180la Y. amf(moa)

meN(;,L\SL
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1

< [ (Voo — [S2la) [ Flloe Y am
< W o | (el =15zl 1l 3

meSL

1
Jri S a. f o0 am
Mozl 5ula |5l Wil >

mEN; L \SL
[[Ns,]la — [SLlal
:2Hf||oo'w
[Ns.. \ SLla L—oo (Na\S) 50
= 2l - R 2 2 - SRS 2200,

where in the last step we use that the weight a generates a measure A\, equivalent to
the Lebesgue measure. Thus A, (Ns) = Aq(S) > 0 and A\, (Ns \ S) = A\ (@) = 0.

Hence the approximation error has for all § > 0 a limit for  — oo which is arbi-
trarily small for § — 0, and it remains to check the limit on the cubical approximation
Nj instead of S, but this is straightforward:

Z fim o)

mGM
1 L
=Wy X Belpgy X fmed) == | fa)ds,
sL P; L mePZ L [0,1]¢
U; Py, L=Ns,
according to the first step of this proof. 0

3.3. Weighted averages. Here we present an elementary result showing that
if the averages converge, then the weighted averages do, too.

LEMMA 3.5. Given two sequences {by}r and {fi}r such that by, > 0 for all k, if

N
1
= szk Nz
k=1
aNN N—oo

SE L T @ for some a € R, with aj, = Zﬁ:l
oo, then

N—
by, and Ek 1 Gk EMARASN

and also

N
D k1 Ok -k Nosoo

0.
N
D k1 Ok

Proof. Consider first

N-1 n N-1
Zn banb 721.21),{:1\[.@72%,
k=1 n=1

n=1 n=1 n=1

which means that N
Zn:l n- bn N—oo

N
Zn:l an

a—1.

Now
N N k
Dokt WSl k1 Do bn
N = N
D h—1 Ok D h—1 Uk
DAY IR DA

= N
D k1 Ok
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N

n
[bn - Py = b - F
Zk 1 ag Z N
N
N -an n-b,
=Fv oy~ P =y
A — 2 k=1 Ok
Note that ZN F, - Z'}v'b" o is bounded by a constant C' and there is N; such that
|Fy - ZJY\,“N | < § for n > Nj. Also, there exists Ny such that for n > Ny we have
N n - by ZkNil ar €
D Fu oy | S0 S <
n=1 k=1 Tk D k—1 Ok 3

Finally, we can choose N3 such that for N > N3

n- bn €
< —-.
Ek 10k 3
Then
Na N
a N -a n-b n-b,
Zigouls| SV o P | o o —
Zk 10k > k=1 Ok n=1 > k=1 @k n=Np+1 > k=1 Ok
<é€
for n > max(Ny, Na, N3). d

The following corollary follows immediately by setting f = g — C.
COROLLARY 3.6. Let the coefficients ay, be as in Lemma 3.5. If

N

1 N —oco

o ——C
k=1

then N
Ekzl Gk - gk N—oo C
~ .
> k=1 0k
3.4. Asymptotic behavior of the S;. Now we turn to the main technical tool
to prove the main result.

LEMMA 3.7. For z,7 € (0,1),

1 1
(5) Mgy 5=
S 1
ime2. 23 — 2
(6) e g
. Sa
() lime- 5, =0

Remark 3.8. In the following proof we will show that the weighted averaging
condition holds for z, 7 ¢ Q by using Birkhoff’s ergodic theorem, Theorem 3.1. This
leaves out the case when either z or 7 is in Q. We have two ways of addressing this
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issue. We can compute explicitly the terms and obtain analytically the convergence
required for the weighted average condition; these are straightforward but tedious
computations, a sample of which is provided in Appendix A.

At the same time we can observe that it is enough to have the limits almost
everywhere in z,7, as we are integrating W.(z) and the Lebesgue integral ignores
sets of null measure.

Proof of Lemma 3.7. As discussed above, we will consider only the case z,7 ¢ Q.
We first prove (5). We can use Birkhoff’s ergodic theorem. Define T,(z) = z + x:
this is a measure-preserving and uniquely ergodic transformation (since x € Q). Then

1% 1% ! 1
—kz;)cos (k) :N; 2 (rTk (0 )M—OO>/O cosz(ﬂx)dx:a

All the coefficients a,, are 1 in this case and the function is multiplicative. Then the
result follows immediately from Lemma 3.4 and the fact that

1
/ cos?(mx1) cos? (o) d(zy, 22) = —.
[0 1]2 4

We prove now (6). For x,7 ¢ Q we know from (5) that the denominator Sy ~ as
¢ — 0 for x # 0, 1. Hence the term in question has the same asymptotic behavior as

|Re|
4

53 52
8 52— ~ 47-(-2 .
( ) Sl ‘RE|

Z k? sin? (knz) cos®(Inr).
k,l€R.

We define a = (ay)x, with ax; = k%, where we already saw in our example that this
generates a measure with Lebesgue density such that

R.|, . 1 Ao (R
9) limEZ"R€| = lim &2 - Z kQZQ

where the rescaled domain is

R={(n,¢) €R?| ag < VE +n? < as},

which gives
R. = 'RNN%

As d\, = n?d(n,€) we obtain by elementary calculations using polar coordinates

4
NEB) W(ag )/n d(n,§)

/2 ag
= / / re cos( drdga = 7/ r3dr
oz@ — O‘e ae

1a@—0z9_

2

(a@ +ae)
404@ —ag 4

4m2

Combining (8) and (9), it remains to show that we can apply the averaged Birkhoff’s
ergodic theorem to the sum. We already saw that it is sufficient to check this on large
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rectangles containing the origin. We define @1, as in the weighted averaging condition
for a € (0,0)? so that

Qr=[LanL] x [1,ae L) NN> = IV x 1? with 1Y) =[1,0,L]NN.

Because of the rectangular shape we can split the sum

1
oL Z k% sin? (kna) cos® (ImrT)
Lla z)eQ
2 Z k? sin? (kma) 1 Z cos?(Ir7)
ZkeI“) ke I(L1) ZZGI(LZ) leI(Lz)

1 .9 2
~ W . Z Sin (kﬂ'x) . W Z COS (ZWT)

L ker) L Ter®
L—oo 1

4

by the standard one-dimensional ergodic theorem, where we used Corollary 3.6 to
remove the weights. We can now use Lemma 3.4 to extend this to the ring and obtain

2 3 2 2 ela
€% — ~d4me” - . .
Sl ‘-Rs| |]25|a

k? sin? (knz) cos®(Inr) 20,

k,l€ER.

)

N

where we evaluated the value of the limit in (9).

Finally, we prove (7). As was the case in (6), we can calculate the sum of the
coefficients, factor them out, and see that the orders of magnitude of ¢ cancel out.
Then everything is reduced to the integral

/ cos(mxy) sin(mxy) cos® (mxg) d(xy, 22) = 0.
[0,1]2 0

3.5. Proof of main result. We now have all the ingredients to complete the
proof of Theorem 2.3.

Proof of Theorem 2.3. From Lemma 3.7 we know that

S5 S\ 1 ‘
WT(JU)—Sl—<Sl> ~ as e — 0.

By Theorem 2.2, the number of expected zeros on the horizontal line L. of length 1

is, for a given ¢,
/ \/ 27T e

This is the same as saying that the average pattern size is % = 2me. ]

4. General Fourier domains. We can consider domains in Fourier space that
are different from the quarter-ring but still scale with 1/e. For all these domains we
obtain for the horizontal line that the average pattern size is again Ce~!, but now for
an explicit constant C' that depends only on the size of the Fourier domain measured
with A,.
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Also the constant might be different along different directions (which are not
horizontal) in case we lose the symmetry in & and [ in the Fourier domain, but we

will discuss that later in section 6.

On the other hand, for horizontal lines we can give an explicit constant, in terms
of the measure \,, and for vertical lines we can argue by symmetry. Let us discuss a

few explicit examples.

Consider the following mode domains, where we define as before for some v €

1—+/1-—
141:&—9:\/77 and kgza—@z
€ 2m2e? €

(0,1)

eEN?| ky < VE2 412 < k),

2m2e?

R ={(k,1)

QL = {(k,1) e N?| 0 < k,l < ks},

Q% = {(k,1) € N?| ky < k,1 < ko},

Q% = {(k,1) e N?| by < k < kg, 2k1 <1 < ki +ko}.

Note that R7 is the same quarter-ring-shaped domain as before and the others are
certain rectangles, all of them represented in Figure 6. For our main result, we will
also use the scaled e-independent versions

R ={(1,6) € R*| ap < V2 + 12 < as},

Ql - (0,0&@)2, Qz - (OZ@,OZ@)2,

ko
Ky
1
kB ke K
l
ko
Q2
ky
k1 ko k

Q* = (ag, 0g) X (206, a5 + ag),

ks
Ql
ke  k
l
k1 + k2
Q3
2k
by ks k

FIG. 6. The ring RY and the alternative mode domains QF, i =1,2,3.
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so that ‘ ‘
RI=c'RNN? and Q' =¢'Q'NnN*fori=1,2,3.

We provide numerical simulations on what the patterns look like on such do-
mains in Figure 7. They look quite different, although as we will see in the follow-
ing Lemma 4.1, the main result about the asymptotic density of zeros is in all four
cases Ce, only the constant C changes from case to case.

LEMMA 4.1. Let D. = e~ DNN? be a scaled domain in Fourier space (for example
RY or Q! fori =1,2,3). Then the asymptotic (for € — 0) density of zeros § is on
horizontal lines through the pattern

1 /)\(kz,l)(D)

o1 Pan®d)
27e A(D)

while on wvertical lines it is

Proof. This is a proof analogous to the one of Lemma 3.7. We obtain the following
asymptotic equivalences:

sy~ 38 1 Peloey 1 Auen(D)
S1 4 | De| 4e? D) -

The statement on vertical lines simply follows by symmetry. O

The correction factors A, (D)/A(D) for the weights ay; = k? and the pattern sizes
in the following domains are

Domain | Correction coeff. | Avg. number of zeros Avg. pattern size
1
RY 1 P 2me
2me
23 (1+vT=7) 27e
ol | 25(14+vT—7) 5
me 2/3(1+/T—7)
2/3(2+ ) 27e
Q2 2/3(2+ /7) 2
i 23 (2+ VA7)

These are, due to symmetry, the same results for horizontal or vertical lines, while for
the nonsymmetric Q% we have

o3 Correction coeff. Avg. number of zeros Avg. pattern size
2/3 2+ /7
horizontal | 2/3(2+ \/7) W ﬁ
324+
2/3(8—6yI—~v+4/y
vertical | 2/3 (8 — 6y/T =7+ 4,/7) il 2me . V5 (8 6\2/”18 +4y7)
36— -7 0l

In Figure 7 the simulations are run with v = 0.7 and € = 10~2. In those cases we
have the following rounded-off asymptotic values for the number of zeros on a line:
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FiG. 7. Typical example of patterns generated by the Fourier domains presented in Figure 6.
We cannot really say why these quite different pattern are observed, as our results just give O(e~1)
for the asymptotic number of zeros along a straight line. It seems that the pattern gets more and
more structured the smaller the domain is, and moreover the pattern size seems to decrease if the
Fourier modes are on average further away from (0,0).

Domain Correction coeff. | Avg. number of zeros | Avg. pattern size
RY-T. 1 15.915 (x1) 0.062832
Q01 1.032 16.167 (x1.016) 0.061856
2z, 1.891 21.887 (x1.375) 0.045690
Q3 o1 (hor.) | 1.891 21.887 (x1.375) 0.045690
Q3 o1 (ver.) | 5.374 36.894 (x2.318) 0.027105.

The size of the correction coefficient is not that straightforward to explain. While
Q; is by far the largest domain, its correction is very close to 1. At the same time for
the smaller domains Qs and Q3 the corrections are significantly larger than 1. This
can be explained by looking closer at the correction coefficient A2 1y(D)/A(D). For a
fixed size A\(D) of the domain, thanks to the weight k? we can increase the correction
coefficient by moving the domain away from 0. Moreover, if we move D closer to
the kj-axis and further away from the ks-axis, then also the correction grows. This
is nicely visualized by the comparison of horizontal and vertical lines for Qs. The
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intuitive reasoning here is simple, as Fourier modes close to the kj-axis have much
faster oscillations in the z-direction than in the y-direction.

If we sample random horizontal lines in the numerical simulations represented
in Figure 7, we get the following number of zeros and average pattern sizes, which are
in good agreement with the predicted asymptotic results (the values are obtained by
averaging over 500 simulations for each domain):

Avg. number of zeros Avg. pattern size
Domain Predicted  Sampled | Predicted Sampled
RY-T, 15.915 16.066 0.062832  0.060388
Qo1 16.167 16.502 0.061856  0.058540
Q% o 21.887 22.204 0.045690  0.044655
Q3 5y (ver.) 36.894 38.286 0.027105  0.026088.

It is surprising that the numerical result is in all four cases slightly biased in one
direction, compared to the asymptotic result, but we have no explanation for this.

5. Numerical simulations. In Figure 8 we plot the (rescaled) density of zeros
ed(z) = £/W-(x) for various values of £ on the domain R*®. We scale by ¢ so
that the convergence to 1/2r is easily seen. We can observe that the density in fact
converges pointwise (apart from xz = 0,1). It even seems that the convergence is

0 0.2 0.4 0.6 0.8 1

0 0.2 0.4 0.6 0.8 1

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Fi1G. 8. Three examples of the (rescaled) density of zeros €d(x) for T = 0.5 and v = 0.8 on the
ring-shaped domain. These pictures are a graphical representation of the pointwise limit €6(x) — %
proven in Theorem 2.3. Inside the domain the convergence seems to be uniform and very fast. Only
at the boundary the convergence is slow.
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le+0 T T T

- 5(Z0)

—o— 15 =10""

—F— 2 = 1072

—>X— g =10"3

le-3 L 1 L
1.5 2 2.5 3 3.5

n, where e = 107"

Fic. 9. Values for €§(xo) for various values of xo. The parameter € is in a logarithmic scale
on the abscissa and the scaled value §(x) of the density of zeros is on the ordinate.

uniform away from an arbitrarily small boundary layer and that the convergence is
very fast. We do not have a heuristic explanation for this, as the speed of convergence
comes from the ergodic theorem.

In order to see the speed of convergence, we fix a point 2 € (0,1) and track the
value of €§(zg) for € — 0. This is done in Figure 9.

Once again we can read off the convergence to /2 but we can also quantify the
convergence’s disturbance by the “traveling wave” which goes to the borders of the
interval: even if we choose a point which is very close to 0 (the critical points), for
example, o = 1072, we see that the magnitude of the density grows very quickly at
first until it hits the limit value and then exhibits a damped oscillation around that
asymptotic growth rate. When compared to Figure 8, we can imagine those traveling
waves approaching and going through such a value x(y until after some threshold e,
the oscillation is negligible.

5.1. Numerical comparison with the Cahn—Hilliard—Cook equation. As
mentioned in the introduction, the average number of zeros along a line (horizontal,
with correction term for sloped lines) is expected to be 1/2re not only in our model
but also for the actual Cahn—Hilliard—Cook equation. We will now provide numerical
evidence in that sense.

To do so we use a standard semi-implicit spectral solver for the Cahn—Hilliard—
Cook equation to compute a solution of such equation seen as a time evolution up to
some time 7" which is still in the linear regime, as discussed in subsection 1.2. This
solution depends in particular on the choice of the parameter .
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Once we have a solution at time 7', we take a horizontal cut through the domain,
in the same way as seen in Figure 3, and we find the zeros along that line. We have
then the number of zeros along the line and the distances between two consecutive
ones.

We can take a Monte Carlo approach and do this several times for each chosen
value of the parameter ¢, and then compare the (averaged) results obtained with those
predicted from Theorem 2.3 and the (averaged) ones coming from simulations of the
model, with the domain R that best captures the essence of Cahn-Hilliard, as argued
in subsection 1.2. The results for the number of zeros are presented in Table 1, while
those for the distances between two consecutive zeros are in Table 2. An additional
visual comparison is provided in Figures 10 and 11, where we plot, for the simulations
of the model and of the Cahn-Hilliard-Cook equation, the number of zeros, and the
average distance, respectively

TABLE 1
Average number of zeros, with standard deviation, for different values of €. For the model we
are considering the domain RY with v = 0.7. For the model, we ran 500 simulations for e = 0.01 and
e = 0.005 and 100 simulations for € = 0.001. For simulation of the Cahn-Hilliard-Cook equation,
we used 500, 500 and 100 iterations, respectively.

e Predicted Simulated model | Simulated Cahn—Hilliard—Cook
0.01 15.915 16.066 + 2.307 15.134 4+ 2.489
0.005 31.831 31.878 4+ 3.354 29.776 + 3.401
0.001 159.150 159.690 + 7.150 151.240 + 6.830
TABLE 2

Pattern size for different values of €. For the model we are considering the domain RY with
v = 0.7. For both the model and Cahn—Hilliard—Cook, we ran 500 simulations for ¢ = 0.01 and
€ = 0.005 and 100 simulations for e = 0.001.

Predicted Simulated model Simulated Cahn-Hilliard—Cook
€ Average Average std Average std
0.01 0.062832 0.060388 0.033575 | 0.063650 0.037470
0.005 0.031416 0.030787 0.018617 0.032922 0.019638
0.001 0.0062832 0.0062375  0.0038216 | 0.006574 0.004077

The theory we present here concerns only the expected number of zeros of a
function in one dimension (which we apply to higher-dimensional solutions of the
Cahn—Hilliard—Cook equation by making cuts through the domain). But the problem
of getting an estimate on the pattern size is reciprocal to that. We can read Figure 11
not only horizontally, comparing the model and the Cahn-Hilliard—Cook equation, but
also vertically, confronting the average pattern size measured directly (top), and as the
reciprocal to the number of zeros (bottom). While not exactly the same (necessarily,
given how they are obtained), they closely resemble each other.

6. Sloped lines. As we have already mentioned, the result given in Theorem 2.3
is proven only for horizontal lines and by symmetry for vertical lines. We claim that
the result is far more general. In order to do so, we consider any sloped line through
the origin. For the ring R” we will see that we obtain the same asymptotic behavior.

To fix the setting we assume y = px with p € (0, 1]. This last assumption is just
for simplicity of presentation, as we can use the reflection at the diagonal to get the
analogous result for the remaining half square.
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Fi1G. 10. Histograms of the number of zeros of the model (left) and of the Cahn—Hilliard—Cook
equation (right). In both cases we ran 500 simulations setting the parameter € to 0.005.
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Fi1c. 11. Comparison of average “pattern size” obtained for both the model (left) and the Cahn—
Hilliard—Cook equation (right). In both cases we ran 5000 simulations, setting € = 0.01. The top
figures show the average distance between subsequent zeros, directly measured, and the bottom figures
depict the inverse of the number of zeros in each of the simulations. Note that bars are not equally
spaced: they are centered in the inverses of the natural numbers 26 down to 6, as the reciprocal of
the number of zeros can only assume values of the form 1/N, where N € N, and in this way the
plots are comparable with each other.
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Note that considering lines through the origin is not restrictive, we do this only
for simplicity of presentation. The more general case y = px + 7 behaves in the same
way, using the trigonometric formulas for the cosine of a sum, which just adds to the
number of the terms involved.

The important thing in that situation is to consider only the intersection (z, ux +
7) N[0, 1]%, so we have to pay attention to the z’s that are in our domain, and to the
corresponding length of the segment we need for the renormalization.

For y = px, we have, instead of w,(z), the following vector of functions:

1/2

wy(x) = | cos(kmzx) cos({mpux)/ (Z cos? (mmx) Cosz(mmx)>

mn K,
and also
=Sy (km sin(kmz) cos(lmpx) + lrpsin(inpx) cos(krz)) } ?
+ cos(kmx) cos(Imux) Sy

(51)°
> g (krsin(kmz) cos(Impz) + Impsin(lrpx) cos(kmx))? <§2 ) 2
S

~ ~ 2
% (%
S Siv)

where S7 is as in the horizontal case with 7 := pz and

=

Wy(z)

Sy = Z cos(kmzx) cos(Int)(kmsin(krz) cos(Int) + Impsin(lnt) cos(kmx))
k.l

Sg = Z(kﬂ' sin(krx) cos(lnt) + lmpsin(lnT) cos(knx))?,
kel

which are the generalizations of the Sy and S3 encountered before. To prove that
things work the same way in this case, we have to prove first the following:

N\ 2
. Sa
2 —
(10) ;HI%) € <S1> =0.

This can be shown with arguments analogous to those for horizontal lines. The main
new tool we need is that the averaging works for weights (k, 1), (1,1), and (k,1). Then
we need to notice that any term with a sin-function averages in the limit to 0 in the
Birkhoff’s ergodic theorem. This implies (10).

Second, with the same argument, we see the following asymptotic equivalence:

S 1
527 ~ 527

5 5 ( Z E*n? sin(krx)? cos(lmpx)® 4 p? Z 172 sin(Impa)? cos(kwx)2)
1 1

k,l k,l
This implies the following theorem.

THEOREM 6.1. For sloped lines y = ux with p € [0.1] and general Fourier—
domains D we have that

1 1
5(1')2 ~ @ . 7)\(1)) ()\(k2,1)(D) + M2)\(1712)<D)>.
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If the domain D is symmetric with respect to the reflection along the diagonal,
like, for example, the ring RY or the squares Q; and Qs, then the density of zeros
d(z) is compared to a horizontal line modified by a factor /1 + p2. But this just
compensates for the length of the segment, which is not 1 as for the horizontal line,
but /1 + p2. Now the two factors cancel and the average pattern size is for every
sloped line the same as for the horizontal line. Thus we obtain that for any sloped
line the average pattern size is the same and of order €.

Let us discuss in more detail the case of Q5 and Qz, where the nodal lines seem
to be diagonal. The interesting question is what happens if we consider a sloped line
almost parallel to those pattern. First the average number of zeros is finite, which
follows from the result by Edelman and Kostlan; thus the probability is zero that our
line coincides on a whole interval with a nodal line and produces infinitely many zeros.
Moreover even if the nodal line is almost diagonal it still bends and has oscillations
on the scale of order €. So even if our line is almost on the nodal line, the spacing
of zeros will be of order €. But even if the density of zeros is high at this place, the
chances are high that our line in a place further away will fully miss nodal lines and
will lie between them without hitting any zero there. But this does not contradict
our main result for the average number of zeros along a line. It does not say that the
zeros are evenly spaced along a line.

Appendix A. The rational case. In the proof of Lemma 3.7 we considered
only irrational values of z and 7. This is sufficient because we are interested in the
density on a set of Lebesgue measure 1 because we integrate it anyway. But as an
additional consideration, for rational values, the periodicity of trigonometric functions
yields a nonergodic averaging result of the same type as on the irrational numbers.

We restrict ourselves to a particularly easy case but the actual proof is a straight-
forward generalization.

Let x = % and N =1[-n for [,n € N without loss of generalization and consider

1 1 - 1
N E cos? (k) = oN E cos <27Tk’n>

k=1 k=1

1 (1 sin(270ET) — 1)
+ — -

1

272 |2 sin(7)
11 Now 1

2 4N 2
This corresponds nicely to the ergodic result

1

N
1
. - 2 _ -
]\}lm N kg_lcos (krx) = 5

for irrational x. In this way, we can, for example, prove

1 1
G =
[Rel ™ Re]

cos? (krx) cos? (In) Moo,

A~

k,lER.
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